The rapid, early cell divisions in Xenopus laevis embryos are driven by an inflexible oscillator that is not influenced by the state of the D N A. In contrast, mitosis in somatic cells can be prevented by blocking replication or by damaging the D N A through irradiation. We have investigated the transition from the rapid, early cell cycle to the slower, more somatic-like cell cycle that occurs after division twelve in developing Xenopus embryos, a stage called the mid-blastula transition (MBT).
Introduction
In order for a somatic cell to divide successfully, it must complete S phase prior to entering mitosis. Thus, mechanisms which monitor the extent of D N A replication must exist in order to ensure that mitosis does not occur until all of the D N A in the cell has been replicated. Precisely how this mechanism links mitosis with D N A replication is not well understood at the molecular level.
Several recent observations have provided evidence that such a fidelity mechanism exists. Pardee and co-workers have shown that caffeine can induce tissue culture cells arrested in S phase by hydroxyurea to enter mitosis (Schlegel and Pardee, 1986; Schlegel et al. 1987) . This caffeine-induced premature mitosis requires translation but not transcription, which suggests that all of the mRNAs needed for mitosis are synthesized before caffeine addition and that caffeine allows the cells to bypass the normal restrictions to entering mitosis during S phase. Morris and co-workers have isolated a temperature-sensitive mutant in Aspergillus nidulans (bimE7) which enters mitosis at the restrictive temperature prior to completion of S phase (Osmani et al.
check for damage that might prevent the successful completion of mitosis. In Saccharomyces cerevisiae, cells exposed to ultraviolet light usually arrest in Gz phase until the damage to the D N A is repaired. Hartwell and co-workers have isolated a temperature-sensitive mutant (RAD 9) in which irradiation damage fails to produce a G 2 phase arrest (Weinert and Hartwell, 1988) . It is plausible that damageinduced arrest and S phase restrictions to mitosis utilize similar mechanisms to monitor the state of the D N A and to suppress mitotic activities until all the D N A is replicated or repaired.
In many embryos, including Drosophila melanogaster and Xenopus, the initial cell divisions following fertilization are extremely rapid and synchronous, and the cell cycles lack measurable G i and G 2 phases (Signoret and Lefresne, 1971; Zakolar and Erk, 1976) . T h e Xenopus embryo goes through 12 such synchronous divisions (one every 30 min) resulting in an embryo containing 4000 cells 6 h after fertilization. The cell cycle extends and becomes asynchronous after division twelve. The thirteenth and fourteenth cell divisions last 40 and 90 minutes, respectively. This period in development is referred to as the mid-blastula transition (M BT ). A number of cellular processes are activated for the first time at the M BT , including transcription, cell motility and protein secretion (Bacharonva and Davidson, 1966; Newport and Kirschner, 1982a,6 ; Kanki and Newport, unpublished observations). Furthermore, it has been shown that these processes are activated at the M B T as a result of the elongation of the cell cycle (Kimelman et al. 1987; see also Edgar et al. 1986 ).
Before the M BT , the cell cycle consists of a simple biphasic oscillation between S phase and M phase (Newport and Kirschner, 1984) . The oscillation between these two phases appears to be driven by the periodic activation and inactivation of the mitotic regulator maturation-promoting factor, M P F (Dorée et al. 1989, this volume; for a review see D unphy and Newport, 1988) . Active M P F is a complex consisting of at least two proteins, a 34K (K = 103 M r) protein kinase and a 50-60K protein (Lohka et al. 1988) . The active 34K kinase phosphorylates histone H I and is a homologue of the cdc2 gene product from Schizosaccharomyces pombe (Dunphy et al. 1988; A rionei al. 1988; Gautier et al. 1988) . The 50-60K subunit is related to the cyclin proteins initially characterised in sea urchins (Minshull et al. (1989) this volume; Evans et al. 1983) . The molecular events leading to the activation of M PF are complex. It is clear that dephosphorylation of the 34K subunit is required for activation of the kinase activity associated with this subunit, and that phosphoryl ation is required for its inactivation (Dunphy and Newport, 1989; Gautier et al. 1989; Morla et al. 1989; Labbé et al. 1989) . It is also clear that synthesis of cyclin is required for activation of M PF, and degradation of cyclin is likely to be part of the process which inactivates M P F (Murray and Kirschner, 1989; Murray et al. 1989) .
The oscillations of M PF activity that drive the cell cycle during early Xenopus development do not require the presence of nuclear D N A , nor are they inhibited by failure to complete S phase. Thus, the oscillations continue to occur in enucleated eggs (Gerhart et al. 1984; Dabauvalle et al. 1988) . Furthermore, when eggs lacking a maternal nucleus are fertilized with ultraviolet light-irradiated sperm, the eggs divide relatively normally despite the lack of D N A (Briggs et al. 1951) . Finally, if the D N A replication inhibitor aphidicolin is added just after fertilization, M P F still oscillates normally (Kimelman et al. 1987; see also Raff and Glover, 1988) . These results suggest that the basic oscillator controlling the switch between M and S phases in the earlyXenopus embryo is insensitive to the state of the D N A , since it neither requires signals produced by the D N A , nor can it be inhibited by unreplicated chromatin. However, experiments which showed that injection of exogenous D N A into embryos can prematurely induce the M B T (Newport and Kirschner, 19846) suggested that the D N A does ultimately play a role in regulating the basic cell cycle oscillator and slowing its frequency. Premature M B T induction occurred when embryos were injected with concentrations of D N A equivalent to the amount of D N A which would normally be present at the M BT. From these results, we first proposed that the expansion of the cell cycle at the M B T was the result of a titration by D N A of some element required for the cell to enter mitosis (Newport et al. 1985) .
This component would be present in excess and the cell cycle would continue while D N A concentrations remained relatively low; however, at the M B T , sufficient D N A would have accumulated for this factor to become rate-limiting. Our subsequent demonstration that D N A injected into embryos acted as a template for the assembly of complete nuclei opened the possibility that the 'titratable' element could be any nuclear component, either binding the D N A directly or indirectly via its association with the nucleus (Forbes et al. 1983; Newport, 1987) .
The inability of the D N A to regulate the cell cycle in early Xenopus embryos could be explained in two ways. The early embryo might lack the proteins of the fidelity system that normally suppresses mitosis until the completion of D N A replication;
for example, the Xenopus homologues of bimE7 and RAD9 could be absent.
Alternatively, these fidelity systems systems could be present and functional but the very low nuclear to cytoplasmic ratio during the early cleavages could result in the signal produced by the D N A being too weak to suppress the cell cycle oscillator. It should be noted that the ratio of nuclear to cytoplasmic volumes within the egg at fertilization is approximately 10000 to 20000-fold smaller than the ratio present in a normal somatic cell. Therefore, the negative signal from the nucleus suppressing mitosis would be 10000 to 20000-fold weaker relative to the cytoplasm than the signal emitted from the nucleus in a somatic cell. As the number of nuclei present in an embryo increase exponentially, this hypothetical signal would also increase exponentially.
We have investigated the effect of nuclear number on the periodicity of the basic cell cycle oscillator using both intact Xenopus embryos and cell-free extracts which alternate between mitosis and interphase. Our results suggest that the expansion of the cell cycle observed at the M B T is a result of feedback inhibition of the unreplicated D N A on those processes responsible for the initiation of mitosis.
Results

New transcription is not required fo r cell cycle expansion
In order to assess the role of R N A transcription in the elongation of the cell cycle at jf. Newport a n d M. Dasso the M BT, eggs were injected with the transcription inhibitor a/-amanitin shortly after fertilization. Both uninjected and injected eggs were then filmed in time lapse in order to determine the cell cycle times for post-MBT cell cycles. Both control and transcription-inhibited eggs divided normally up to the M BT, and expanded their cell cycles at the twelfth cleavage. No differences in cell cycle timing were measured between control and inhibited embryos through the 15th cell division. Therefore, as we have observed earlier, new transcription does not appear to play a pivotal role in the timing of the M B T in Xetiopus, nor does it appear to be required for the post-M BT elongation of the cell cycle.
A relationship between DNA replication and the cell cycle
In order to evaluate the role of D N A replication in the M BT, newly fertilized eggs were incubated in the presence of the ribonucleotide reductase inhibitor hydroxy urea. Time lapse video recordings showed that these embryos divided twelve times and then stopped ( cell cycle had stopped in these embryos. This result demonstrates that the egg contains an endogenous pool of deoxyribonucleotides sufficient to synthesize the D N A present in roughly 4000 Xenopus nuclei. More importantly, this result also demonstrates that it is possible to block the cell cycle in S phase at the M B T by blocking replication. No new m RNAs were necessary for this block, since eggs both injected with ar-amanitin and incubated with hydroxyurea divided normally until the M B T and then ceased dividing, just as the eggs incubated only with hydroxyurea had.
The experiments described above demonstrate that unreplicated nuclei can arrest the cell cycle oscillator in S phase when 4000 nuclei are present. It is possible that the nuclei produce a molecular signal which can interact with the components that comprise the oscillator (cyclin, cdc2, s u c l, cdc25, etc.) and thereby suppress the initiation of mitosis. If this were the case, eggs which lack nuclei would not generate this signal and would therefore continue to divide synchronously and rapidly up to and beyond the M BT . To test this prediction, eggs were incubated in the presence of the D N A synthesis inhibitor aphidicolin immediately following fertilization. These eggs divided despite the fact that D N A replication was blocked and nuclei did not accumulate. An example of such an embryo is shown in Fig. 2 . Fig. 2 also shows that while control embryos contain large numbers of nuclei, embryos incubated in aphidicolin from the time of fertilization do not. That the lack of nuclei was due to a block in replication was confirmed by injecting radioactive dATP into both embryos and analyzing the subsequent accumulation of radioactive D N A by gel electrophor esis. The aphidicolin-treated egg synthesized less than 40 nuclear equivalents of D N A during the period in which the control egg accumulated approximately 4000-8000 equivalents.
The duration of the cell cycles of aphidicolin-treated eggs was determined by time lapse recordings. In control eggs, divisions 1 to 12 lasted 30min each, and divisions 13 and 14 lasted 41 and 90min, respectively. However, in aphidicolin-treated eggs, divisions 1 to 14 were all 30min in duration (Fig. 3) . Thus, in the absence of nuclei, the normal lengthening of the cell cycle at the M B T (12th division) did not occur. This result, in conjunction with the results from hydroxyurea-treated embryos, strongly supports a mechanism in which the nuclei can generate a signal that inhibits the basic cell cycle oscillator. It appears that this signal is the primary element causing the elongation of the cell cycle first observed at the M BT.
The results presented thus far indicate that the nuclear signal that inhibits mitosis could be part of a fidelity mechanism that recognizes unreplicated D N A . in considering how such a mechanism might function, both quantitative and kinetic parameters should be taken into consideration. Quantitatively, the negative signal generated by unreplicated D N A would need to be strong enough to suppress the oscillator from entering mitosis. For instance, if D N A replication is blocked in fertilized eggs when very few nuclei are present, then these nuclei and their unreplicated D N A may not be able to generate the minimum signal necessary to arrest the oscillator in S phase. Kinetically, the time required for replication during early cell cycles is approximately 15 min. If the signal only impinges onto the + Fig. 2 . Aphidicolin-treated embryos lack nuclei. Eggs were fertilized and then incubated in media containing lO^gm l-1 of aphidicolin (+) or no aphidicolin (-). In the upper panels it can be seen that cell division occurred in both embryos. At 9 h after fertilization both embryos were crushed between a microscope slide and cover slip and stained for D N A (bottom panels). Control embryos contained numerous nuclei, while aphidicolintreated embryo lacked detectable nuclei. oscillator when replication exceeds this time period, then the cell cycle should not elongate until completion of replication requires more than 15 min. These consider ations imply that in order to expand the cell cycle two conditions should be met. First, enough nuclei must be present to generate an adequate signal should their replication be blocked. Second, the time that the D N A remains unreplicated and that the signal persists must exceed the time alloted by the basic oscillator for S phase. We propose that both conditions are met at the M BT, and that the cell cycle expands due to the longer duration of S phase.
There is no reason to believe that these quantitative and kinetic conditions will be met simultaneously during development. The only restriction is that the quantitative limitation must be surpassed either before or at the same time as the kinetic restriction if the fidelity system is to be functional. In order to determine whether these two parameters could be separated from each other, eggs were incubated with aphidicolin at different times after fertilization. Embryos containing fewer than 128-256 nuclei (seven to eight cleavages) at the time of D N A replication arrest continued to divide after arrest. However, embryos containing more than this number of nuclei per embryo stopped dividing when replication was blocked. These results indicate that 128-256 nuclei per embryo can generate a strong enough signal to arrest the cell cycle oscillator in S phase, while fewer nuclei cannot generate an adequate signal. These results also suggest that the quantitative restriction on the feedback mechanism is eliminated before the kinetic restriction is suppassed. If this is true, the elongation of the cell cycle at the M BT is most likely due to a depletion of factors needed for the rapid replication of the D N A within the 15 min allowed by the basic oscillator.
Relationship between the cell cycle and nuclear number in vitro
A number of laboratories have recently reported methods for making extracts from Xenopus eggs that oscillate periodically between S phase and M phase (Hutchison et al. 1987; Murray and Kirschner, 1989) . Using an in vitro system based on the protocol of Murray and Kirschner (1989), we have investigated the relationship between nuclear number and cell cycle periodicity.
Sperm chromatin serves as a template for the formation of nuclei when added to cell-free cycling extracts that are initially in interphase (Fig. 4) . After approximately 60 min, the extracts convert from interphase to mitosis, resulting in D N A conden sation and nuclear envelope breakdown. This is followed 20 min later by a return to S Fig. 4 . Xenopus egg extracts cycle between S phase and mitosis. Following addition of demembranated sperm chromatin to a cycling extract the chromatin acts as a template for formation of nuclei. When the extract cycles from S phase into mitosis the D N A within the nuclei condenses and the nuclear envelope disassembles. In a typical extract the mitotic period lasts 20min and then nuclei reform.
phase and reformation of the nuclei. These extracts typically cycle three or four times with periods between 50 and 100 min.
Measurements of D N A replication by incorporation of radiolabelled dATP show periodic synthesis with maximum incorporation when the extracts are in interphase (Fig. 5) . Similarly, measurements of M PF activity by histone H I phosphorylation show periodic MPF activation that peaks as the extracts are in M phase and declines abruptly as the extracts return to interphase (Fig. 5) . Thus, these extracts faithfully mimic the cell cycle of the intact egg with respect to nuclear breakdown and reformation, D N A replication, and activation and inactivation of MPF.
We wished to determine if these extracts could allow in vitro analysis of the in vivo fidelity mechanisms described in the preceding sections. As an initial step, we examined whether increasing numbers of nuclei were able to induce a slowing of the cell cycle in vitro by measuring cycling time as a function of the number of nuclei added. The cell cycle slowed with increasing nuclear additions, and was arrested at high nuclear concentrations (1500 nuclei ¿ íP 1). At these high concentrations, the nuclei remained intact, and M PF activity remained low (around 1 / 20 of the levels observed in cycling extracts at mitosis). A single, extended period of replication was observed at high nuclear concentrations, with significant replication still occurring as late as 160 min. The period of the cell cycle expanded roughly linearly with increasing sperm nuclei concentrations, while the time spent in mitosis remained constant at approximately 20min.
These results suggest that the oscillator regulating the cell cycle in vitro is subject to feedback inhibition from nuclei. This inhibition is proportional to nuclear concentration in a manner consistent with the origin of the feedback signal being unreplicated D N A . The inhibition appears to be amplified by the addition of aphidicolin (our unpublished observations), which is consistent with this idea. We are currently examining how fidelity is regulated in the in vitro system, both with respect to what types of molecules are involved in the signalling event and with respect to how the signal interacts with systems controlling M PF activity.
Discussion
Normal somatic cells contain fidelity mechanisms that ensure that complete D N A replication occurs prior to the initiation of mitosis. These mechanisms probably involve proteins which suppress activities needed to initiate mitosis (i.e. cyclin, cdc2, cdc25). To link replication and mitotic regulation together, one must suppose that unreplicated D N A acts to keep such suppressing factors active. We have shown that
Xenopus embryos contain such a fidelity system that couples replication and the cell cycle. Furthermore, we have provided evidence indicating that elongation of the cell cycle requires that both a critical number of nuclei are present to generate a signal above a threshold strength and that replication exceeds a critical duration. However, it is also clear that the embryonic fidelity system is less stringent than that of typical somatic cells. Our experiments indicate that between 100 and 200 unreplicated nuclei per embryo are required to generate a signal of sufficient strength to arrest the oscillator in S phase. Since the cytoplasm of a typical egg is equivalent in volume to that of approximately 10000 somatic cells, blocking replication of 100 nuclei would produce approximately 0.01 unreplicated genome's worth of the molecular signal per somatic cell volume. Assuming that the molecular signal is strictly proportional to the amount of unreplicated D N A , this would imply that 1 % of the genome must remain unreplicated in order to block progress into mitosis. It seems likely that in somatic cells the stringency of such a fidelity system would be much higher, since entering mitosis with 1 % of the genome unreplicated would be a lethal event. This might indicate either that special conditions exist in the early embryo which decrease the sensitivity of the fidelity system, or that additional systems operate in somatic cells.
We have also shown that elongation of the cell cycle at the M B T in Xenopus embryos is likely to be due to the depletion of factors required for continued rapid D N A replication. When these factors are limiting, the time required to replicate the D N A exceeds the period of the cell cycle oscillator for S phase. Therefore, S phase is extended due to feedback inhibition. Precisely what component becomes limiting for replication is currently unknown. Landstrom et al. (1975) suggested that dNTPs may be the critical, limiting component, but we have made repeated attempts to extend the rapid cleavage period by injecting excess dNTPs without success. Therefore, we suspect that the limiting component is part either of the initiation or of the elongation machinery for D N A replication.
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